Abstract. The Barents Sea is situated on a continental margin and was home to a large ice sheet at the Last Glacial Maximum.
dia (Levshin et al., 2007; Schaeffer and Lebedev, 2013) , but not for all seismic periods and depths. 3D viscosity has been implemented in GIA models for the regions and has been found to affect sea level and uplift rates (Kaufmann and Wu, 1998) .
However, the difference in properties between Fennoscandia and Barents Sea has not been studied explicitly.
Constraints from palaeoshoreline data on 1D GIA models resulted in best fitting upper mantle viscosities of 2−6·10 20 P a·s in the Barents Sea region (Steffen and Kaufmann, 2005) , while recent work based on RSL data find that best fitting upper 5 mantle viscosity in the Barents Sea region is above 2 · 10 20 P a · s (Auriac et al., 2016) . For Fennoscandia, the best fitting upper mantle viscosity is found to be between 3 − 7 · 10 20 P a · s based on RSL data and relaxation time spectra, while best fitting models uplift rate measurements have upper mantle viscosities up to 15·10 20 P a·s, see the overview in Steffen and Wu (2011) .
More recent work summarized in Simon et al. (2018) shows an upper mantle viscosity in the range of 3.4 − 20 · 10 20 P a · s.
Note that the lower bound for upper mantle viscosity in the Barents Sea is somewhat below that in Fennoscandia. Steffen 10 and Kaufmann (2005) computed RSL misfit and find similar upper mantle viscosity for the Barents Sea and the Scandinavian mainland, but smaller lower mantle viscosity. However, the different studies used different ice histories and relied on multiple data sources, with substantially less coverage in the Barents Sea region. Therefore it is unknown if it can be concluded from previous 1D studies whether viscosity is indeed lower in the Barents Sea than in Fennoscandia.
In this study we analyze GRACE data in the Barents Sea region and Fennoscandia to obtain the GIA signal there, focusing 15 on the first region where the signal to noise ratio is lower. We compare the observed signal with 1D GIA model output to infer upper or lower bounds in viscosity for different ice deglaciation chronologies. From comparison between the best fitting models for the two regions we draw conclusions on the variation in Earth rheology between the Barents Sea and Fennoscandia.
Methodology

GRACE Data Processing
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Temporal variations of the Earth's gravity field measured by GRACE are related to mass transport within the Earth system due to different geophysical processes, such as hydrology, ongoing cryospheric mass changes, GIA, (post-) seismic signals (e.g., Wouters et al., 2014) . To study GIA, other geophysical signals that mask the GIA signal should be removed. Additionally, GRACE data is affected by instrumental noise and the anisotropic sampling of the signal due to the satellites' orbit (Wahr, 2007; Flechtner et al., 2016) . Different data-processing techniques have been developed to increase the GRACE signal-to-noise 25 ratio (e.g., Han et al., 2005; Swenson and Wahr, 2006; Kusche et al., 2009) . In the following, we detail the post-processing used to analyze GRACE data in the Barents Sea and Fennoscandia with focus on the Barents Sea as it presents additional difficulties due to the smaller magnitude of the signal.
In our analysis we use the University of Texas Center for Space Research (UTCSR) release 5 (RL05) (Bettadpur, 2012) up to spherical harmonic degree 60. We use data for the 2003 − 2015 period. We substitute the degree two coefficients with 30 those obtained from satellite laser ranging (Cheng et al., 2013) . To increase the signal-to-noise ratio in the Barents Sea we follow the strategy of Root et al. (2015a) . We use a Gaussian filter to filter-out the noisy short wave-length gravity data and reduce GRACE's correlated errors which are evident as north-south stripes in the Level 2 data. We also use a high-pass filter in the Barents Sea to remove the long-wavelength signal that contains unmodelled long wave-length phenomena such as global sea-level rise. We adopt the half-widths used in Root et al. (2015a) which were tuned to optimize the signal-to-noise ratio in the Barents Sea. The low-pass filter half-width ranges from 200 to 300 km while the high-pass filter half-width ranges from 500 to 700 km. As the signal in Fennoscandia is larger and has a larger wavelength we only use the low-pass filter there with a half-width also ranging from 200 to 300 km.
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We compute gravity disturbance rate (gravity rate in the following) as opposed to the gravity anomaly rate. We use the least square method to obtain the secular, annual and semiannual signals of each time series of Stokes' coefficients. We estimate GRACE measurement errors (σ GRACE ) using the residuals after the secular, annual and semiannual signals are removed from the signal .
After processing the signal as explained above, the GIA signal is evident as a positive gravity rate in Fennoscandia and
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the Barents Sea ( Figure 1 ). However, this signal cannot be directly interpreted as it contains the trend of other geophysical processes as well, one of them being hydrology. Secular changes in land water storage result in gravity trends that should be subtracted when analyzing GRACE data in continental areas. The long-term hydrology signal in Fennoscandia is probably small, as demonstrated by the good agreement between GIA signal derived from GRACE and GPS (van der .
However, the hydrology signal of the Russian Arctic Archipelago (Novaya Zemlya, Franz Josef Land and Severnaya Zemlya) 15 can leak into oceanic areas. We subtract the hydrology signal using the GLDAS hydrology model (Rodell et al., 2004) . Because its reliability for the islands of the Arctic Archipelago is not well-known, we follow Matsuo and Heki (2013) and take the amplitude of its trend in the Barents Sea as an indication of the uncertainty in the hydrology signal in these polar regions (σ hydrology ).
Present-day changes in the cryosphere and the resulting present-day solid Earth response can also mask the GIA signal. In 20 particular, the glaciers of the islands Svalbard and the Russian Arctic Archipelago are experiencing significant mass changes evident in GRACE observations which partly mask the GIA signal in the Barents Sea region (see Figure 1 ). Independent data on mass changes in Svalbard and the Russian Arctic Archipelago is limited. Moholdt et al. (2012) derived trends using ICESat for the 2003-2009 period using altimetry; other authors (e.g., Schrama et al., 2014; Matsuo and Heki, 2013) have used GRACE data. For the period 2003-2008, GRACE estimates are lower than altimetry estimates but agree within uncertainty (Root et al., 25 2015a ). In Simon et al. (2018) ice mass loss estimates from altimetry and glaciology for a longer period were shown to be much larger than GRACE estimates in Svalbard, Franz Josef Land and Novaya Zemlya, and the former were scaled down in that study. Here we follow Root et al. (2015a) and use ice loss corrections obtained using the mascon method of Schrama et al.
(2014) (see Table 1 ) to remove the ice loss signal taking into account elastic loading (Wahr et al., 1998) .
To obtain the present-day mass changes from GRACE, a GIA correction needs to be first applied; an ensemble of ice 30 deglaciation chronologies and Earth rheological parameters is used and differences in obtained mass changes are accounted for in the mascon error budget. As our aim is to quantify the GIA signal in the central Barents Sea, the problem seems circular.
However, the GIA model used to obtain the mass changes has a small effect in the recovered gravity rate trend in the central Barents Sea and is included in uncertainty estimate. We use the error bars of the estimated mass changes for Svalbard and the Russian Arctic Archipelago to estimate the error in the recovered GIA gravity rates due to uncertainty in mass loss changes in the region (σ ice ). Finally, for the Barents Sea, the Greenland mass loss is already filtered when using the high-pass filter, but for Fennoscandia we need to remove it. To do so we use ICESat mass changes from Sørensen et al. (2011) .
We account for the uncertainty in non-tidal ocean changes by using the ECCO ocean model as alternative for the ocean model used in standard GRACE level 2 processing. In that case we first add back the GAB products to restore the full GRACE ocean mass signal (Yu et al., 2018) before substracting the ECCO ocean model. The ECCO model is a dynamically consistent 5 ocean model constrained with observations from altimetry, Argo floats and GRACE (Forget et al., 2015) . The model has been
shown to correctly capture long-term bottom pressure variability in the Arctic Ocean and Adjacent Seas (Peralta-Ferriz, 2012) .
The version of the ocean model we use is the ECCOv4 − llc270 compilation. This compilation covers the period 2001 − 2015 which means the GRACE time-series that we use in the Barents Sea is limited to this period. We obtain gravity rates in the central Barents Sea using the UTCSR GRACE solution corrected with the OMCT and the ECCO ocean models respectively.
The differences between these two solutions are used as an indication of the uncertainty in non-tidal ocean changes (σ ocean ).
We estimate the total error in the gravity trends by assuming that the different error sources are not correlated so they can be added quadratically:
For the Barents Sea we consider the four terms while when analyzing the gravity signal in Fennoscandia we only consider
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GRACE measurement errors, as the ice loss changes in the Arctic Archipelago and ocean bottom pressure changes have a very small effect on the gravity trends recovered in Fennoscandia, and the Greenland signal is relatively well known.
GIA Modelling
We compare GRACE derived gravity rates with those predicted by GIA models. To compute the gravity trends the sea level equation is solved, using the pseudo-spectral approach presented in Mitrovica and Peltier (1991) . We use the same code as 20 Barletta and Bordoni (2013) . To be able to run calculations for many different Earth parameters and ice models we assume that solid Earth properties only vary radially. This still allows to compute GIA response for different regions separately with different viscosity profiles as done by, (e.g., Nield et al., 2014; Barletta et al., 2018) , but neglects effects of viscosity changes in surrounding regions.
We neglect the loading effect due to sediment transport during deglaciation, as the effect is small and well below that of 25 unknown ice thickness (0.01 to 0.05 µGal/yr in Fennoscandia, and below 0.014 µGal/yr in the Barents Sea (van der Wal and IJpelaar, 2017) ). To study the effect of the ice deglaciation history on the present gravity rates we start by using a reference Earth model based on the averaged VM2 model which is similar to the VM5a model (Peltier, 2004; Argus et al., 2014) . The model consists of a 90 km lithosphere, a 570 km upper mantle with a viscosity of 0.5 · 10 21 P a · s and a 2216 km lower mantle with an average viscosity of 2.6·10 21 P a·s. The elastic properties of the Earth are based on the PREM model (Dziewonski and and the lithospheric thickness between 40 − 180 km (Table 2) . We do not change the lower mantle as its viscosity cannot be constrained uniquely from data in Fennoscandia (Steffen et al., 2010) .
We use an ensemble of ice histories that reflects the uncertainty in the deglaciation history of the European Ice Sheet
Complex (EISC) (Figure 2 ). The ice sheet models that we use can be divided in two main categories: (1) models based on GIA models that have been constrained using different GIA observables and empirically-determined ice extents, and (2) those 5 based on numerical ice-sheet modeling forced under different palaeo-climate scenarios and tuned to fit different constrains. A fundamental difference between these two kinds of models is that GIA-based palaeo-ice sheet models are associated with a specific Earth model. The first set of models is represented by the ICE-5G and ICE-6G models (Peltier, 2004; Peltier et al., 2015; Argus et al., 2014) ; the second set consists of three models obtained using the Glacial System Model (GSM) for Northern
Europe (Tarasov et al., 2012) , the University of Tromsø Ice Sheet Model (UiT ISM) (Patton et al., 2016 (Patton et al., , 2017 , and the S04 10 ice sheet model (Siegert and Dowdeswell, 2004) . The three ice sheet models obtained using the GSM model are a subset of a bigger ensemble used in Root et al. (2015a) which showed good agreement with GRACE observations. The ensemble was obtained by constraining GSM runs with RSL curves, present-day ground velocities and ice deglaciation margins from the DATED-1 project (Hughes et al., 2016) . The three selected models consist of a late deglaciation model, labeled nn45283
in Root et al. (2015a) and two early deglaciation models, nn56536 and nn56597, with different maximum ice volumes. The 15 models will be labeled T1 (nn45283), T2 (nn56536) and T3 (nn56597) to simplify the notation.
The University of Tromsø Ice Sheet Model is based on a 3D thermomechanical ice model which uses an approximation of the Stokes equations forced by climatic and eustatic sea level perturbations to simulate the evolution of the EISC. The model is constrained using different geophysical and geological data sets including geomorphological flow sets, moraine and grounding zone wedge positions and isostasy patterns and is consistent with the DATED-1 ice sheet margins. Finally, we consider an 20 ice sheet model which gives a lower bound for the mass present in the Barents Sea during the LGM, the S04 model (Siegert and Dowdeswell, 2004) . The model is based on the continuity flow equations coupled with a model of water, basal sediment deformation and transportation. The model is forced with eustatic sea level curves of the last 30 ka and palaeo air temperatures and precipitation. All ice sheet models are sampled in a grid with a spatial resolution corresponding to a 128 degree Gaussian grid and the output of the model is truncated at degree 60 and processed using the same filters used to process the GRACE 25 data.
Model Performance Assessment
We assess the fit of each combination of ice deglaciation chronology and rheology by comparing the GRACE data after filtering and correcting for other signal with the corresponding filtered GIA model signal. As the GRACE resolution is of the same order of magnitude as the extension of the SBKIS we cannot resolve the differences in the shape of the ice sheet in the data. Thus we 30 assess the model fit only by comparing the maximum modelled (m i ) and observed (o i ) gravity rate in the central Barents Sea and Fennoscandia and normalize this difference using the observation error (σ i ). In order to make the results as independent of the filter parameters as possible, we compute the average of the misfit obtained using different filter configurations:
where N is the number of filter settings.
The low pass-filter is varied between 200 and 300 km half-width in 20 km intervals. Additionally, in the Barents Sea the 5 high-pass filter is varied between the 500 and 700 km half-width in 100 km intervals.
Results
GRACE GIA signal in Fennoscandia and the Barents Sea
We use the methods presented in Section 2 to obtain the GIA signal over Fennoscandia and the Barents Sea. and Svalbard-Barents-Kara Ice Sheet were presumably located ( Figure 1 ). The melting of ice in Svalbard and the islands of the Russian Arctic Archipelago is also evident as a negative gravity trend. After removing the mass loss signal as explained in Section 2, we observe that most of the signal of Novaya Zemlya, Svalbard and Franz Josef Land is indeed removed ( Figure   1 ). However, there is still a negative gravity rate left over Severnaya Zemlya, indicating that our ice loss changes might be underestimated for this island. We do not observe a clear positive signal in the Kara Sea, which indicates that if it was glaciated 15 during the LGM the amount of ice present there was much smaller than that located in the Barents Sea. This fact advocates against the larger ice sheets in Denton and Hughes (1981) ; Grosswald (1998) ; Grosswald and Hughes (2002) and further confirms the results of the DATED-1 (Hughes et al., 2016) and QUEEN projects (Svendsen et al., 2004) .
We obtain the maximum gravity rate in the Barents Sea for different filter configurations using the OMCT and ECCO ocean models. Figure 3 shows the maximum gravity rates for a 500 km high-pass filter and different low-pass filter half-widths. As 20 expected, we observe that the maximum gravity signal reduces with increasing filter half-width and so does the error. The gravity rates recovered using the ECCO ocean model are systematically higher that those obtained with the OMCT model. We also show a breakdown of the error (Figure 4 ) for different low-pass filter half-widths. We observe that the hydrology signal leaking into the Barents Sea is very small and the error budget is dominated by the uncertainty in present-day ice changes, the GRACE measurement error and the non-tidal ocean signal. Moreover, we observe that while the other error sources decrease 25 with increasing filter half-width the ocean error does not. This implies that it has a wavelength similar to that of the GIA signal we want to resolve.
Implications for viscosity and ice sheet chronology
We perform three experiments. In the first experiment we only study the effect of the ice history on the model misfit. We use the reference Earth model (see Table 2 ) and compare the fit of the predicted gravity rates for different ice deglaciation models with the GRACE derived gravity rate. In the second experiment, we change the Earth rheological parameters to obtain the subset of ice deglaciation histories and Earth rheological parameters that best fit the GRACE observations. Thirdly, we repeat the second 5 experiment for Fennoscandia and compare the optimal solid Earth parameters for both regions to detect possible variations in rheological parameters. Figure 3 compares the maximum present-day observed gravity rates in the Barents Sea for the different ice sheet models. It must be noted, that the maximum gravity rates produced by each ice history are not only related to the maximum ice volume attained during LGM, but also its geographical distribution and the onset of the deglaciation process. As an example, we find 10 that while the T2 model has more ice in the Barents Sea than the T1 model, it results in lower gravity rates. This is because deglaciation starts later in the T2 model than in the T1 model when the sensitivity of the present gravity rates to mass changes is higher. Similarly, the highest gravity rates are associated with the UiT ISM even though it has less ice than the ICE-5G
and ICE-6G model. This is because the UiT ice sheet model has more ice in the central Barents Sea during the last phase of deglaciation. In fact, the model includes an ice bridge between Svalbard, Franz Josef Land and Novaya Zemlya with ice
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thickness as large as 2000 m at 14.5 ka BP which does not disappear until 12 ka BP. This is not present in either the ICE-6G
or the ICE-5G models.
When we compare the modelled gravity rates with GRACE observations we find that, for the reference Earth model, the T1, T2 and T3 ice sheet models are the closest to observations. The S04 ice sheet model performs worse; the model does not have enough ice in the region. This result is in accordance with Auriac et al. (2016) who found poor agreement between the S04 20 model and RSL curves. The more massive ICE-5G, ICE-6G and UiT models result in gravity rates that are too high. However, the discrepancy between these models and GRACE observations is reduced if we use the ECCO ocean model instead of the OMCT. Furthermore, the GRACE data can be reconciled with the UiT ISM if the maximum volume of mass in the model is reduced by around 1 m of equivalent sea level rise or if deglaciation started 1 kyr earlier.
Next, we study the effects of changing the solid Earth rheology in the Barents Sea. Figures 5 and 6 (left column) show the 25 misfit of the different ice sheet models to the observed maximum gravity rates in the Barents Sea for different rheology models.
We see that there is a large subset of Earth rheological parameters for which the modelled gravity rate is within the 2σ interval of the GRACE observed gravity rate. The T1, T2 and T3 ice sheet models present a good fit to the observations for a large subset of Earth models including the reference Earth model (ν = 5 · 10
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Pa · s, h = 90 km). In contrast, for the more massive ice sheets (ICE-5G, ICE-6G and UiT ISM) the subset of Earth models which present a good fit to the Barents Sea observations 30 is smaller and does not contain the reference Earth model. These models, however, fit the observations either for a lower upper mantle viscosity or for a thicker lithosphere when upper mantle viscosity is fixed. If a lower upper mantle viscosity is used the relaxation time of the solid Earth is decreased and the sensitivity to mass changes that occurred during the LGM is decreased.
On the other hand, a thicker lithosphere acts as a low pass filter that smooths the gravity signal, reducing its maximum value.
Our results for the UiT ISM are consistent with those obtained by Patton et al. (2017) who inferred an upper mantle viscosity of 2 · 10 20 P a· based on RSL data. Finally, using all the ice sheet models we can infer a lower bound for the upper mantle viscosity in the Barents Sea of 2 · 10 20 P a · s, which agrees with the range of possible upper mantle viscosity found in Auriac et al. (2016) using RSL curves and GPS uplift measurements.
A second set of good fitting models is found for some ice models. For example, for ice models T1, T2 and T3 a good fit is 5 obtained for upper mantle viscosity of 3.2·10 21 P a·s in the Barents Sea, and in Fennoscandia for ice model T1. For ice models T2 and T3 this set could exist for even higher upper mantle viscosity, outside the range studied here. This result is found more often in GIA studies studies (e.g. Lidberg et al. (2010) , Root et al. (2015b) ). The explanation is that a certain viscosity results in maximum gravity rate which that is larger than the observed gravity rate, and both increasing and decreasing viscosity could reduce the gravity rate, and hence result in a good fit. To exclude one of the two sets, an extra dataset is required. Based on
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other best fitting models in literature for the Barents Sea (Auriac et al., 2016) and Fennoscandia (Steffen and Wu, 2011 ) the good fitting models of large upper mantle viscosity are not likely and we do not consider them further in this study.
We follow the same procedure for Fennoscandia to obtain the subset of Earth rheological parameters and ice sheet deglacia- is smaller as compared with the Barents Sea, where uncertainty form mass changes in the glaciers of the surrounding islands and non-tidal ocean changes increase the error bars; and the GIA signal is higher in Fennoscandia than in the Barents Sea (see Figure 1 ). Nevertheless we can compare the best-fitting models for both regions. This assumes that 1D models can be used to represent each area separately and there are no 3D effects, an approach that is followed in other GIA studies as well (Lambeck et al., 1998; Steffen et al., 2014) .
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We observe that, contrary to what we got for the Barents Sea, the combination of the ice sheet models ICE-5G, ICE-6G and UiT with the reference lithospheric thickness and upper mantle viscosity have an optimal fit. (Figures 5 and 6 ). As already mentioned, the ICE-5G and ICE-6G models have been constrained using GIA observations, which are abundant in Fennoscandia. As we are using these models with an Earth rheology similar to their reference rheology it is not surprising that a good fit is obtained for this region. On the other hand, the T 1 − 3 models do not fit the observations with the reference Earth Pa · s which is consistent with current estimates (Simon et al., 2018) .
We can infer lateral rheology changes by comparing the optimal Earth rheological parameters obtained for both regions. We observe a systematic difference between the optimal Earth rheological parameters in Fennoscandia and the Barents Sea for all the ice sheet models. The different ice sheet models have a preference for a lower upper mantle viscosity (around a factor of 30 two smaller) in the Barents Sea as compared with Fennoscandia, or for a thicker lithosphere if the upper mantle viscosity is equal in both regions. This systematic difference is likely evidence of lateral variation in Earth rheology.
Lateral viscosity variation
To strengthen the conclusion from the previous subsection, we derive viscosity estimates in an independent way, based on seismic velocity anomalies and experimentally derived flow laws. The absolute viscosity values obtained in this way contain large uncertainty, but the relative difference resulting from the seismic models should represent real change in temperature or composition. Therefore we focus on the ratio between the viscosities beneath Fennoscandia and the Barents Sea and check 5 whether it agrees with the outcome of the GIA model misfit.
To take uncertainty in seismic velocity anomalies into account we use two global seismic tomography models: S40RTS
Ritsema et al. (2011) (2003)).
To compute viscosity we follow the procedure in Wal et al. (2013) and insert temperatures in the olivine flow laws of Hirth and Kohlstedt (2013) . The flow laws for diffusion and dislocation are added, which means the viscosity depends on grain-size and stress. Stress is taken from a 3D GIA model which uses the ICE-5G ice load. Grain size is chosen to be 4 mm or 10 mm. 4 mm gave best overall fit to GIA data in and 10 mm grain size resulted in the best fit with the observed maximum uplift rate Wal To be able to compare against viscosity for the upper mantle in the previous section we use viscosity averaged between 225 and 325 km. This depth is a trade-off; shallower layers have lower temperature and small viscous deformation during the glacial cycle, while for deeper layers the seismic models are less accurate. The depth range is also close to the depth to which the gravity rate in Fennoscandia is most sensitive, see the sensitivity kernels in van der . The viscosity maps are 20 plotted in figure 7 . In principle all viscosity values around the ice load play a role in the GIA process, but the highest sensitivity is to values directly underneath the ice load (Paulson et al., 2005; Wu, 2006) . We compute the average of viscosities for the locations where LGM ice heights are above 1500 m (see dashed brown contour) separately for the region below 71
• latitude black line and above and including 71
• latitude. We find that the average viscosity below Fennoscandia is a factor of 2.3 to 2.4 times higher than that in the Barents Sea. This agrees well with the change in best fit upper mantle viscosity that can be seen 25 in the misfit figures 5 and 6. There could still be an effect of 3D structure that is not captured by modelling both regions with 1D models, such as lateral variations within Fennoscandia (Steffen et al., 2014) or the influence of viscosity from outside each region.
Conclusions and Discussion
In this study, we analyse GRACE data in the Barents Sea to constrain the Earth rheology in the region. We compare the fit
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of different GIA models in Fennoscandia with that for the Barents Sea to find if there is a significant difference in viscosity between the two regions. We investigate several deglaciation chronologies of the SBKIS, some of which are not tied to a viscosity model. We use GRACE data for the period 2003 − 2015 and process it to reveal the GIA signal. The ice loss signal from the Svalbard and the Russian Arctic Archipelago is removed using mass change values obtained from GRACE using the mascon method. We observe a positive gravity anomaly in the Barents Sea but no significant anomaly in the Kara Sea, which
shows that the ice cover at LGM was considerably thinner there than in the Barents Sea, in agreement with recent studies.
The Barents Sea GIA signal is in a region now covered by sea; therefore, the gravity trends might be affected by non-tidal oceanic mass changes. We correct GRACE gravity rates in the Barents Sea using either of two ocean models, the OMCT and 5 ECCO ocean model, and find higher gravity rates using the ECCO model. The difference in the ocean signal according to the two models is large in the Barents Sea. This uncertainty has not been considered in previous studies of the GIA signal in the region (e.g., Root et al., 2015a; Simon et al., 2018; Kachuck and Cathles, 2018) and thus the errors bars in those studies were provably underestimated. This result has also implications for GRACE studies of non-oceanic mass changes, such as post seismic deformations, in ocean areas (e.g., Han and Simons, 2008; Wang et al., 2012) which possibly have higher uncertainty 10 than previously thought due to errors in the ocean model.
We compare the GRACE derived gravity rates with modelled ones to infer geophysical constraints for the Earth rheology and ice sheet chronology in the Barents Sea region. For a three-layer average of the VM2 viscosity profile (Peltier, 2004) we find, as Root et al. (2015a) , that thick ice sheet models (ICE-5G, ICE-6G and UiT) do not fit GRACE observations, while the less massive ice models (T1,T2 and T3) do. Upper mantle viscosity and lithosperic thickness was varied for each ice sheet Pa · s and 40 − 180 km. We find that the ICE-5G, ICE-6G and UiT ice sheet models can be reconciled with GRACE observations provided the upper mantle viscosity is lower or the litosphere thicker than in the VM2 model .
The interplay between ice deglaciation chronology and Earth rheology makes it difficult to constrain the ice deglaciation chronology in the Barents Sea (Kachuck and Cathles, 2018) . Root et al. (2015a) used GRACE data to conclude that the SBKIS 20 had less ice than previously thought (5 − 6.3 m of equivalent sea level versus 8.3 m). To do so, they used ICE-5G and ICE-6G
and showed that they do not obtain the observed gravity rate when these ice models are combined with their corresponding Earth rheology model. However, here we use the UiT ISM which does not come with an a priori Earth rheoloy model and which contains around 7.5 m of equivalent sea level rise and show that it can fit GRACE observations provided the upper mantle viscosity is around 3 10
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Pa · s if the lithophere is thinner than 130 km. However, we are able to place a constraint We also study the misfit of GRACE observations to the GIA models in Fennoscandia. We obtain a lower bound of 5 · 10
Pa · s, which is consistent with current estimates. Given all the ice sheet deglaciation chronologies we find that the lower bound 30 for the upper mantle viscosity is a factor of two smaller in the Barents Sea (or, alternatively, the lithosphere thickness should be increased there). Unless all the tested ice deglaciation chronologies are biased in the same direction, this result is evidence of lateral changes in viscosity in between the two regions.
To strengthen the finding of viscosity difference between the two regions, we compare our results with viscosity derived from global velocity anomalies and flow laws for mantle material and find that the average viscosity in the Barents Sea is a factor 35 of 2.4 lower than in Fennoscandia. This agrees very well with the results derived from the GRACE misfit, and strengthens the conclusion that there is a small but significant difference in average upper mantle viscosity between the two regions. This findings have implications for ice sheet models inverted with just one viscosity profile (e.g., ICE-5G, ICE-6G) and advocates in favour of including lateral Earth rheological parameters in GIA models. The constraints on viscosity variations can be also used to calibrate other geodynamic models of the regions.
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Code and data availability. Gravity rates for the different ice sheet models and Earth rheology models as well as GRACE maximum disturbance rates for Fennoscandia and the Barents Sea are provided at http://doi.org/10.4121/uuid:424126e6-b5d3-4ac9-b5cd-f495c8ad6939. The GIA code used for the simulations is available upon request from VRB. Goes, S., Govers, R., and Vacher, P.: Shallow mantle temperatures under Europe from P and S wave tomography, Journal of Geophysical 
Figure 2. Volume of ice present in the SBKIS during the last glacial period given in equivalent eustatic sea level rise for different ice sheet reconstructions. Six different deglaciation chronologies are shown: the GIA-constrained models ICE-5G and ICE-6G (Peltier, 2004; Peltier et al., 2015; Argus et al., 2014) ; three models obtained using the Glacial System Model (GSM) (Tarasov et al., 2012) , the T1, T2 and T3 chronologies; the University of Tromsø Ice Sheet Model (UiT) (Patton et al., 2017) ; and the S04 ice sheet model (Siegert and Dowdeswell, 2004) . 
